The env gene of gammaretroviruses encodes a glycoprotein conserved among diverse retroviruses, except for the domains involved in receptor binding. Here we show that pairs of gammaretrovirus envelope proteins (from Friend virus and GALV or xenotropic viruses) assemble into heteromers when coexpressed. This assembly results in a strong inhibition of infectivity. An unrelated envelope protein does not assemble in heteromers with the gammaretrovirus glycoproteins tested and does not affect their infectivity, demonstrating the specificity of the mechanism we describe. We propose that the numerous copies of endogenous retroviral env genes conserved within mammalian genomes act as restriction factors against infectious retroviruses.
Retroviruses are a group of relatively simple viruses that share the same general organization and contain three major genes (gag, pol, and env) that are homologous among members of a given genus (reviewed in reference 19) . The env gene encodes an envelope glycoprotein that is expressed at the surface of the viral particles and is responsible for the tropism of the virus through its interaction with a specific cellular receptor. This protein is a prime target of the host immune system, as it is the major antigen for the generation of neutralizing antibodies, and as a consequence of immune selection of escape mutants, it evolves particularly quickly. Despite this high evolution rate, its general structure has been conserved, consisting of a leader peptide followed by the surface subunit (SU) and transmembrane subunit (TM), which are processed from the full-length precursor in the Golgi apparatus (reviewed in reference 17). Among gammaretroviruses, these two subunits are remarkably well conserved, with most variations occurring in the N-terminal region of the SU, the receptor binding domain, which determines the specificity of cellular receptor usage (1, 2, 13, 20) , and at the C-terminal end of the TM in the cytoplasmic tail, which is responsible for the intracellular trafficking of the envelope (Env) protein and its interaction with the Gag structural protein (15) . The other regions of gammaretrovirus Env proteins are less divergent and correspond to domains important in the structure of the protein (SU-TM association and assembly into trimers that takes place during its synthesis) and in its conformational change upon interaction with the receptor, leading to the fusion of the viral and cellular membranes (reviewed in reference 11).
Here we demonstrate that the Env proteins encoded by several gammaretroviruses are sufficiently conserved to associate as heteromers when coexpressed in mammalian cells and that this association renders the Env proteins nonfunctional, resulting in a strong decrease in the viral titer. This mechanism provides a possible function for the endogenous retrovirus (ERV) env genes that are conserved and expressed in mammals (reviewed in references 3, 4, and 7). We propose that endogenous Env proteins act as restriction factors that inhibit infection by exogenous retroviruses through association with their envelope.
Except for the receptor binding domain, the env gene of gammaretroviruses is well conserved, with very few amino acid modifications in the ectodomain of the TM subunit, which is organized as a pair of ␣-helixes involved in the trimeric assembly of the protein within the cells (Fig. 1A) (8, 10) . We thus asked whether this high homology may enable different but related Env proteins to interact with each other when expressed within the same cell. To test this hypothesis, we performed immunoprecipitation experiments on Cos cells transiently transfected with two gammaretrovirus Env proteins (from Friend virus and gibbon ape leukemia virus [GALV] and from Friend virus and a mouse endogenous xenotropic provirus [from C57BL/6 mice, chromosome 2; coordinates in Ensembl, 156182828 to 156184762]). Two days following transfection, the cells were lysed under stringent conditions (radioimmunoprecipitation assay buffer), and the lysates were immunoprecipitated using antibodies against GALV or xenotropic-virus proteins. The immunoprecipitates were then tested for the presence of Friend virus Env by Western blotting. As shown in Fig. 1B , we observed in both cases the presence of the Friend virus glycoprotein in the precipitated fraction. The different controls indicate that the signal we observed is not due to cross-recognition of the two retroviral Env proteins by the antibodies during the immunoprecipitation (Fig. 1B, lanes 2 and 7) or hybridization step (lanes 3 and 8). We also did not detect cross-immunoprecipitation of the Friend virus Env protein by the anti-GALV Env antibody (or by the anti-xenotropic-virus Env antibody) when cells were singly transfected with each expression vector and mixed before the lysis step (lanes 5 and 10). This demonstrates that the signal we detected is not an artifact due to aggregation of the Env proteins during the lysis step.
Finally, we checked the specificity of these interactions by determining whether we could coimmunoprecipitate an unrelated Env protein, the human immunodeficiency virus (HIV) glycoprotein, with an antiserum specific for the Friend virus Env when the two proteins are coexpressed. This experiment was performed with two variants of the HIV glycoprotein (described in reference 16): the native full-length protein (H wt ) and a mutant truncated in its cytoplasmic tail (H tr ), which we used for the experiments described below. As illustrated in Fig.  1B (right), we detected no (or very little) HIV protein in the immunoprecipitates, indicating that the signal obtained in the presence of the two gammaretrovirus proteins was not due to partial lysis of the cells that would have resulted in the persistence, during immunoprecipitation, of small membrane vesicles harboring a mixture of two types of homotrimers, each made of one of the two Env proteins.
Last, it is noteworthy that the Friend virus Env protein we detected by Western blotting in the case of the Friend virusxenotropic-virus and Friend virus-GALV heteromers migrated with an apparent molecular mass of approximately 85 kDa, which is the size of the major band observed in the cell lysates (Fig. 1B, lanes 1 and 6) and corresponds most probably to the unprocessed envelope precursor. This does not necessarily mean that the heteromers cannot be processed, since the lysis
Organization of the envelope protein of retroviruses. The trimerization is mediated by the heptad repeats localized in TM (interaction between residues a and d of the repeats), in a region particularly conserved among the envelope proteins encoded by distinct gammaretroviruses. A sequence alignment is shown for the glycoproteins from Friend virus, GALV, HIV, and the xenotropic virus (from the cleavage site between SU and TM to the conserved cysteine residues in TM). HIV does not belong to gammaretroviruses, and its glycoprotein is far less conserved in this domain; in its case, the alignment is structural (a and d residues) and is based on reference 3. (B) Detection by coimmunoprecipitation of heteromers formed by distinct retroviral glycoproteins when coexpressed within cells. Cos cells were cotransfected with expression vectors for two retroviral glycoproteins and lysed 2 days later. The cell lysates were subjected to immunoprecipitation using antiserum against one of the transfected glycoproteins (left, anti-GALV Env rabbit serum generated using a recombinant protein corresponding to SU; middle, rat monoclonal antibody 83A25, which reacts with the xenotropic-virus envelope proteins but not the Friend virus glycoprotein [9] ; right, anti-Rauscher leukemia virus gp70 goat serum, which reacts with the Friend virus glycoprotein [obtained from the National Cancer Institute, Frederick, MD]) and protein G-Sepharose; the precipitated fractions were then tested for the presence of the second Env protein by Western blotting (for the Friend virus Env we used a rat antiserum generated against a recombinant protein corresponding to the 5Ј half of SU; for the HIV glycoprotein we used rabbit polyclonal antibody ADP422 [MRC AIDS Directed Programme]). For each sample, the glycoproteins that were transfected are indicated above the gels, together with the antibodies used for the immunoprecipitation (F, Friend virus; G, GALV; V, vesicular stomatitis virus G protein, an unrelated glycoprotein used to normalize the total amount of transfected DNA in the cells; L, molecular weight ladder). *, cells were singly transfected with an expression vector for either the Friend virus or the GALV glycoprotein (lane 5), for either the Friend virus or the xenotropic-virus glycoprotein (lane 10), or for either the Friend virus or the truncated HIV glycoprotein (lane 17) and mixed 48 h later, just before the lysis step preceding the immunoprecipitation. Lanes 1, 6, 11, and 12 correspond to samples collected before the immunoprecipitation step (total cell lysates) and were used as positive controls for the Western blot (the proportion of total cell lysate versus immunoprecipitation product is the same for the three gels, allowing quantitative comparison of the intensity of the signals obtained). The approximate size of the main products is indicated next to the gels. The expected masses (in kDa) for the glycoproteins are as follows (precursor/processed SU): F, 85/70; H wt , 160/120; H tr , 140/120. In the left panel, the background band at 50 kDa is due to cross-reactivity with the heavy chain of the immunoglobulins used for the immunoprecipitation.
conditions we used were probably too harsh to preserve the interaction between the SU and TM of the mature forms of the Env proteins. Together, our immunoprecipitation results indicate that different gammaretrovirus Env proteins can interact and form heteromers when they are coexpressed within mammalian cells. This association is specific, since an unrelated lentiviral glycoprotein is not coprecipitated under the same conditions.
We then investigated whether these interactions could have functional consequences. We took advantage of the different tropism of the retroviral Env proteins tested in the immunoprecipitation experiments described above (reviewed in reference 14). We carried out a single infection cycle assay (scheme in Fig. 2 ), using nonreplicative retroviral pseudotypes generated by transient transfection of 293T cells with four plasmids: the expression vector for the Gag-Pol polyprotein, the green fluorescent protein-marked retroviral RNA expression vector, and expression vectors for the two Env proteins (or ␤-galactosidase in the case of the single Env pseudotypes) at three ratios. Since the two glycoproteins tested possess distinct tropisms, we could then measure the titer of each of them by assaying the virus-containing supernatants on two different target cells: murine NIH 3T3 cells for the Friend virus glycoprotein (since these cells cannot be infected by GALV or the xenotropic virus) and human 293T cells for the GALV and xenotropic-virus Env proteins (because these cells are resistant to infection by the Friend virus). As shown in Fig. 2 (left and middle), we observed a strong decrease (up to 80%) in the titer of the pseudotypes when two gammaretrovirus glycoproteins are coexpressed. The decrease is less when the "interfering" Env is expressed at a low level. However, in the case of the Friend virus and GALV proteins, the extent of the decrease does not correlate linearly with the ratios of the two proteins. This may be at least partially due to the cytotoxic effects caused by a high level of expression of the GALV Env protein on the cells (data not shown). In contrast and as actually expected, the extent of the decrease in titer observed when the Friend virus and xenotropic-virus proteins are coexpressed matches the ratios of expression of the two Env proteins, with an inhibition of infection ranging from 10 to 90%. These values are in the range of the theoretical maximal inhibition that can be calculated from the probability of formation of functional homotrimers at the different ratios we used (42.1%, 87.5%, and 99.5% inhibition). We then performed the same experiments using the Friend virus and HIV proteins (more precisely, the truncated variant of the latter, to allow its incorporation into the FIG. 2. Effect of coexpression of distinct retroviral glycoproteins on the titers of their respective retroviral pseudotypes. Retroviral pseudotypes were generated by a four-plasmid transfection of 293T cells, and the viral particles were collected 48 h later for titration (top; also, see the text for details). In addition to the retroviral proteins and marked viral vector, the cells (seeded in 6-cm dishes) were transfected with a total of 0.6 g of Env1 and/or Env2 expression vectors for the retroviral Env proteins or of lacZ control plasmid (Env1 ϩ Env2, Env1 ϩ lacZ, lacZ ϩ Env2), at three ratios: 0.1 g ϩ 0.5 g, 0.3 g ϩ 0.3 g and 0.5 g ϩ 0.1 g. The decrease in infectivity observed when a second glycoprotein is expressed, compared to the control vector (encoding ␤-galactosidase), is represented on the histograms, with the standard deviation indicated (F, Friend virus; G, GALV; X, xenotropic virus; numbers refer to the amount of each Env protein). The experiment was performed with three pairs of glycoproteins, as indicated (in the Friend virus-HIV interaction, the HIV glycoprotein is the truncated variant so as to enable its incorporation on MLV-derived particles), the titers of which can be measured independently using appropriate target cells (see the text). The viral titers (10 5 IU per ml) for each glycoprotein expressed alone at the three doses (0.1, 0.3, and 0.5 g DNA) were as follows: Friend virus envelope, 1 (Fig. 2, right) . In contrast to the observations described above (using the Friend virus and the GALV or xenotropic-virus Env proteins), we found no reproducible effect of the coexpression of the HIV and Friend virus Env proteins on their respective titers. Since these two glycoproteins do not assemble into heteromers, as determined by immunoprecipitation experiments, this observation supports the proposal that heteromerization and the decrease in infection have a cause-effect relationship. Altogether, these experiments show that coexpression of two gammaretrovirus Env proteins specifically causes a decrease in the titer of the mixed pseudotypes, as measured for each of them on appropriate target cells.
To examine the mechanism of this decrease in titer, we analyzed the protein content of the viral particles produced in these experiments. The viral particles from the supernatants of transfected cells were concentrated by ultracentrifugation before analysis by Western blotting. As shown in Fig. 3 (left) , coexpression of the Friend virus and GALV Env proteins leads to the production of viral particles containing a smaller amount of each protein, whereas the same Western blot analysis performed on the transfected cell lysates does not show any decrease in the intracellular content of each of them. We are thus led to conclude that the decrease in infectivity is related to the lower level of incorporation of both Env proteins on the particles. This defect could be a consequence of the assembly of the two glycoproteins into heteromers leading either to misfolding or to inappropriate subcellular localization, thus preventing their proper incorporation on the particles. Rather surprisingly, the same analyses performed after coexpression of the Friend virus and xenotropic-virus glycoproteins gave opposite results, the content of the viral particles being unaffected by the expression of the interfering Env protein (Fig. 3,  middle) . However, the Friend virus and xenotropic-virus proteins are much more closely related to one another than to the GALV protein, and it is possible that the heteromers they form are more stable and can thus be efficiently incorporated on viral particles, even though they are not functional for virus entry and infection. Finally, the coexpression of the Friend virus and HIV proteins affected neither their incorporation on the viral particles nor their intracellular expression level, in agreement with their inability to assemble as heteromers and with the absence of any decrease in titer when they are coexpressed.
In this study we have shown that distinct gammaretrovirus Env proteins can physically associate as heteromers when they are coexpressed in mammalian cells. This association does not seem to alter the expression of the glycoproteins, but it can be correlated with a decrease in the titer measured for each Env protein. Interestingly, such heterotypic interactions have been previously suspected, with the finding that the coexpression of the native 4070A amphotropic envelope and a mutated feline leukemia virus A (FeLV-A) glycoprotein can modify the tropism of the resulting viral particles, enabling them to use a new receptor, probably because the interaction modifies the shape of the receptor binding domain of the 4070A envelope (6) . In that study, it was also found that the 4070A Env had a positive effect on the mutant FeLV-A protein, rescuing its cellular localization and helping its incorporation on the viral particles.
In our experiments, we found that coexpression had either no effect (in the case of the Friend virus and xenotropic-virus Env) or a negative effect (in the case of the Friend virus and GALV Env) on the incorporation on the particles. However, in the study by Bupp et al., the mutant FeLV-A was generated by inserting a short peptide into the SU subunit, thus probably dramatically altering its structure and destabilizing the Env protein, which could be partially rescued via its association with the 4070A Env (6). In our case, both proteins are native and presumably optimal with regard to expression and stability, and heteromerization can probably only lead to a decrease in the stability of the protein complex, explaining the opposite effects on the incorporation on the viral particles detected between the two studies.
We were able to demonstrate heterotypic interactions between the Env proteins isolated from infectious retroviruses but also between the glycoproteins encoded by an exogenous retrovirus and an endogenous one. If the observation of the interactions between the Friend virus and GALV proteins is not directly relevant to retrovirus biology (the former is of murine origin whereas the latter was isolated from an ape), the pair constituted by the Friend virus and the xenotropic retrovirus Env proteins may reflect a natural situation, since the Friend retrovirus naturally infects mice and most mouse strains possess in their genome one or several copies of xenotropic endogenous retrovirus env genes (reviewed in reference 4). It is thus likely that the two envelope proteins can be coexpressed within the same host. Indeed, this observation suggests a possible role that may account for the conservation of xenotropic retroviruses-by definition unable to infect murine tissues-in the mouse genome. Even if their Env protein cannot prevent the initial stage of infection by exogenous mouse retroviruses (such as the Friend virus) as typical restriction factors do, its expression by infected cells may reduce the production of infectious particles and thus help the immune system to clear or at least contain the infection by lowering the viral load. In fact, this model is consistent with a previous study in which a locus containing an expressed xenotropic-virus endogenous envelope was genetically linked to resistance against a polytropic recombinant Friend retrovirus in the C57BL/10 mouse strain (5) . Such a role has also already been postulated for the Fv4 gene, a bona fide mouse restriction factor expressing a mutated nonfunctional retroviral Env protein which acts mainly by interacting with the ecotropic receptor and prevents its expression at the membrane of the cells, thus making it unavailable for infectious retroviruses (12, 18) . However, it was also suggested that the Fv4 protein can also act at a later stage in the infection cycle, via a different mechanism, independently of receptor binding, by decreasing the amount of infectious viral particles produced by the infected cells in vivo (12, 18) . Our study gives credence to this proposal by providing a molecular scenario through which it could happen. We further demonstrate that the envelope protein does not need to be mutated (as is Fv4) but that indeed any endogenous retroviral envelope might play a restriction factor-like role when confronted with a cognate infectious retrovirus. This mechanism provides a new insight into the complicated interplay between endogenous and infectious retroviruses, with the first being a reservoir of sequences that can be at the same time used for the generation of new, more efficient viruses via recombination (as observed in mice or in cats [reviewed in reference 4]) but also recruited as restriction factors able to prevent or limit the infection of the host.
